Clonal growth buffers the effect of grazing management on the population growth rate of a perennial grassland herb  by Johansen, Line et al.
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a  b  s  t  r  a  c  t
Grazing  is  an important  management  action  to  conserve  biodiversity  in  semi-natural  grasslands  but it is
important  to understand  how  grazing  inﬂuences  the  life-history  components  and  population  dynamics
of  plant  species.  In  this  study,  we  analysed  effects  of grazing  intensity  and  abandonment  on  population
dynamics  of the semi-natural  grassland  species  Knautia  arvensis  which  is an  important  nectar  source  for
pollinating  species  and  an indicator  of biodiversity  in  agricultural  landscapes.  We  recorded  life-history
stage,  survival,  establishment  of seedlings  and  ramets,  number  of inﬂorescences  and  grazing  marks
on  permanently  marked  individuals  in  eight  populations  in  mid-Norway  for  three  consecutive  years.
Matrix  modelling  was  used  to estimate  population  growth  rates  and  elasticities,  and  life Table  response
experiments  (LTREs)  were  used  to assess  the  contribution  of different  life-history  components  to  the
observed  variation  in  population  growth  rates  between  different  management  treatments.  Generalized
linear  mixed  effects  models  (GLMMs)  were  used  to investigate  the effect  of management  on  vital  rates
and number  of  inﬂorescences  as well  as damage  to K. arvensis  individuals.  Populations  in  abandoned
grasslands  had  more  inﬂorescences,  a lower  proportion  of seedlings  and  a higher  proportion  of  ﬂowering
ramets  compared  to populations  in  grasslands  under  high  grazing  intensity.  There  were  no differences
in  population  growth  rates  between  different  grazing  intensities.  Fecundity  however,  contributed  more
to  the  growth  rate  in  grazed  grasslands  compared  to  abandoned  grasslands  where  clonal  regeneration
contributed  the  most.  Survival  of non-ﬂowering  rosettes  made  the  largest  impact  to  overall  growth  rates.
Our  results  indicate  that  a long  life-span  and  clonal  growth  buffer  the effect  of environmental  change  in
abandoned  grasslands  and  that there  is  a  trade-off  between  fertility  and  clonal  regeneration  in K. arvensis
populations.
© 2016  The  Author(s).  Published  by Elsevier  GmbH.  This  is  an  open  access  article  under  the CC. Introduction
Semi-natural grasslands harbour a high diversity of plant
pecies (Marini et al., 2008). However, the area of semi-natural
rasslands in Europe has decreased due to agricultural intensiﬁca-
ion, changed management practices and abandonment (Hodgson
t al., 2005; Poschlod and WallisDeVries, 2002). Semi-natural grass-
ands that have been abandoned or managed at too low intensity
o halt successional change will gradually be invaded by shrubs
nd trees (Wehn, 2009). As a result, growth conditions become less
avourable for light-demanding species in particular (Pykala et al.,
005), and populations of such species may  rapidly decline once
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d/4.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
grasslands have been abandoned (Endels et al., 2007b; Hamre et al.,
2010).
Extensive grazing is recommended as a management tool to
maintain or improve plant population viability in semi-natural
grasslands (Metera et al., 2010; Wrage et al., 2011). Herbivory
affects plant abundance and distribution as well as plant traits
(Louault et al., 2005; Maron and Crone, 2006). Effects of graz-
ing on plant performance are both direct and indirect; indirect
through changing the habitat quality by trampling, reducing com-
petition, addition of nutrient and litter accumulation (Brys et al.,
2004; Ehrlen et al., 2005) and direct by damaging the plant or
reducing ﬂowering and seed set (Knight, 2004). Hence, different
levels of grazing intensity can have disparate effects on vital rates
and the demographic behaviour of plant populations (Brys et al.,
2004; Lennartsson and Oostermeijer, 2001). Vital rates may even
differ between populations of a single species, depending on graz-
ing intensity and the time since abandonment (Brys et al., 2004;
Jacquemyn and Brys, 2008). The life span of a species may  correlate
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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aig. 1. Mean and standard error of (a) survival to the next year (t + 1), (b) propor
amet, (e) proportion of clonal reproduction, and (f) proportion of grazed ramets in
abandoned), low and high grazing intensity.
ith its population dynamics, and longevity can buffer changing
nvironmental conditions (Morris et al., 2008). Long-lived peren-
ial plants are known to have more stable population sizes than
hort-lived plants, because in general survival has less variability
han fecundity, and fecundity is relatively more important for pop-
lation dynamics of short-lived plant species (Garcia et al., 2008).
ecause grazing affects different life-history stages simultaneously,
t is essential to integrate multiple vital rates within a single anal-
sis to fully understand the population dynamics and viability of a
pecies. In stage-structured populations this can be achieved using
atrix models (Caswell, 2001).
The objective of this study is to analyse the effect of grazing
ntensity and abandonment on population dynamics of the clonal
pecies Knautia arvensis. We  want to estimate how its life-history
omponents contribute to its population growth rate in semi-
atural grasslands under different land-use regimes. In Norway,
. arvensis can be regarded as a keystone species upholding species
ichness in semi-natural grasslands as it is an important nectar
ource for many species of butterﬂies, bumblebees, solitary bees
nd other groups of pollinating insects, e.g. the Norwegian redf seedlings, (c) proportion of ﬂowering ramets, (d) number of inﬂorescences per
ia arvensis populations in 2008, 2009 and 2010 in semi-natural grasslands with no
listed mining bee Andrena hattorﬁana (Cahenzli and Erhardt, 2012;
Clausen et al., 2001; Franzen and Nilsson, 2008; Kålås et al., 2010;
Totland et al., 2013). Models were developed to assess how aban-
donment and different levels of grazing intensity by cattle inﬂuence
plant traits, vital rates, life-history components and growth rate.
The contribution of vital rates to the growth rate for each level of
grazing intensity was determined to see whether K. arvensis had
different reproduction strategies when exposed to different levels
of herbivory.
2. Methods
2.1. Study species
Knautia arvensis (L.) Coult. is a perennial, clonal herb with a gen-
eralist pollination system that grows in grasslands, open woods,
on road verges and ruderal sites. The species is widely distributed
in Europe, west Asia and north-west Africa (Lid and Lid, 2005). It
has a sympodial, branched stock with leaf rosettes and ﬂowering
stems, a taproot and usually lateral underground rhizomes (Tutin
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Fig. 2. Projected population growth rates for Knautia arvensis populations (1–8) in
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semi-natural grasslands with no (abandoned), low and high grazing intensity in two
ransition years (2008–2009 and 2009–2010). The error bars are bootstrapped 95%
onﬁdence intervals.
t al., 1976). According to Thompson et al. (1997) K. arvensis has
o persistent seedbank. The species is able to germinate under
 wide range of environmental conditions (Vandvik and Vange,
003). However, early seedling establishment has been found to
e poor in closed grassland vegetation but positively affected by
isturbance that creates tiny gaps with bare soil (Hovstad, 2007).
arsson (2005) found K. arvensis to have a mean of 6.7 inﬂorescences
er fertile ramet and mean number of ﬂowers per inﬂorescence to
e 67.1. In the present study we measured a mean of 29 seeds per
nﬂorescence.
.2. Study area
The study area is located in mid-Norway (Nord-Trøndelag
ounty) and covers an area of 20 km2 (UTM 618650E, 7070496 N)
nd the elevation ranges from 80 to 180 m asl. Mean annual tem-
erature is 4.7 ◦C and mean annual precipitation is 815 mm in the
tudy area (normal period 1961–1990) (Norwegian Meteorological
nstitute, 2014). The study area is in the middle and southern boreal
egetation zones, in the slightly oceanic vegetation section (Moen,
999), and the bedrock consists mainly of shale and some mica
chist (data provided by Geological Survey of Norway NGU, 2014).
n this study we refer to semi-natural grasslands as grasslands with
 long and continuous extensive management (grazing or mow-
ng) where species have not been sown or planted. In the studied
rasslands there were no canopies of woody species, and the com-
ositions of plant species had not been altered signiﬁcantly by use
f fertilizers or herbicides (Norderhaug et al., 2000).
.3. Study design and data collectionAll semi-natural grasslands in the study area were surveyed in
008 and presence/absence of K. arvensis was recorded. From this
urvey, eight semi-natural grassland sites of at least 0.2 ha were23 (2016) 11–18 13
selected. Neither population size nor viability of K. arvensis were
used as criteria for the selection of sites. Three of the grasslands
were abandoned (8–15 years ago) and ﬁve were grazed. The inten-
sity of the grazing in the grazed grasslands was  a result of the
farmer’s practice and not set by the study. Information about the
management of the grasslands were achieved by semi-structured
interviews with the farmers. Grazing took place throughout the
grazing season (May–September), but were regulated in a non-
structural way. The farmers had access to several grasslands. In all
grazed sites, livestock were taken on and off the grassland several
times throughout the grazing season and some grasslands were
preferred and managed more intensively. In the preferred grass-
lands the livestock were taken off the grasslands when sward height
became less than 4–8 cm.  The less preferred grasslands were then
used as offset areas. In general, the offsets had a higher stocking
rate in late summer, compared to spring and early summer. We
did not control the number of animals per unit area but based on
the qualitative data provided by the interviews, we divided the
grazed grasslands into two classes of grazing intensities: low graz-
ing intensity (n = 2; the offsets) and high grazing intensity (n = 3; the
preferred grassland). In the grasslands deﬁned as under high graz-
ing intensity, the mean vegetation height over at least 75% of the
area was <4–8 cm,  and in grasslands deﬁned as under low grazing
intensity the vegetation height was  > 20 cm in mid-July. Generally,
in the less preferred grassland (under low grazing intensity) some of
the vegetation was left ungrazed by the animals. In the abandoned
grasslands there was no encroachment as yet. All grasslands were
situated on a hillside facing south–south-west and had approxi-
mately similar slopes and there were no overgrazing or large areas
of bare soil due to animal trampling.
In 2008, study plots of 1 m × 1 m were established randomly
within each of the selected semi-natural grasslands. Nine to 14
study plots with K. arvensis and two study plots without K. arvensis
were established and permanently marked within each grassland.
Study plots without K. arvensis were selected in order to record
the establishment of new individuals. Within each plot, all ram-
ets of K. arvensis were permanently marked. A total of 72 plots and
1454 ramets were included in the study. Each summer, 2008–2010,
a census of the study species within all plots was  conducted and
for each ramet survival, evidence of grazing, number of inﬂores-
cences per ramet, and life-history stage were recorded. In addition,
establishment of seedlings and clonal ramets were recorded within
each plot. We  distinguished ﬁve life-history stages for K. arvensis:
seedlings, non-ﬂowering clonal offspring, ﬂowering clonal off-
spring, non-ﬂowering rosette and ﬂowering rosette. Seedlings were
deﬁned as small plants younger than one year old. New individuals
in the plots were marked and included in the study at each census.
2.4. Statistical analysis
The effect of management and temporal variation on the num-
ber of inﬂorescences per ramet, vital rates (survival to the next
year, proportion of ﬂowering ramets, proportion of seedlings and
ﬂowering and non-ﬂowering clonal offspring) and proportion of
grazed ramets in each plot were analysed using a generalised lin-
ear mixed effects model (GLMM). Ramet ID, plot and grassland
were included as nested random factors in the models. Year and
grazing management were included as ﬁxed factors. The random,
nested sampling structure was  included to avoid problems with
pseudoreplication. The response variables were modelled using a
binomial distribution, except for number of inﬂorescences where a
Poisson distribution was used. Models were made sequentially and
reduced by backward elimination of non-signiﬁcant ﬁxed effects
( deﬁned as 0.01; Crawley, 2007; Zuur, 2009). The estimates and
statistics presented are from the ﬁnal reduced models for each
response variable.
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Fig. 3. Life-cycle of Knautia arvensis covering ﬁve stages. The arrows represent yearly transitions and elasticity values of the overall mean matrix are given.
Table 1
Transition matrix model for Knautia arvensis with ﬁve stage classes: seedlings, non-ﬂowering clonal offspring, ﬂowering clonal offspring, non-ﬂowering rosette and ﬂowering
rosette.  Transitions are grouped according to seven life-history components: clonal reproduction (CR), fecundity (F), survival of clonal offspring (SC), seedling survival (SS),
stasis  (S), retrogression (R) and entering ﬂowering stage (EF). “0” indicates that there are no transitions between the stage classes. Subscript numbers by the matrix elements
indicate the transitions from stage j to i in one-year intervals (t + 1).
year t
Seedlings Non-ﬂowering clonal offspring Flowering clonal offspring Non-ﬂowering rosette Flowering rosette
year t + 1 Seedlings 0 0 F13 0 F15
Non-ﬂowering clonal offspring 0 CR22 CR23 CR24 CR25
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(Flowering clonal offspring 0 CR32
Non-ﬂowering rosette SS41 SC42
Flowering rosette SS51 SC52
The demographic data were analysed by constructing stage-
lassiﬁed population matrix modelling (Caswell, 2001) with a 5 × 5
rojection matrix for each year-to-year transition (Table 1). The
ransition matrix model was in the form:
(t+1) = An(t),
here A is a population projection matrix containing the transition
robabilities between stages or stage-speciﬁc fecundity, n(t) is a
ector of stage-classiﬁed individuals at time t, and n(t+1) is the vector
f stage-classiﬁed individuals at time t + 1.
All possible transitions are described in Table 1. Transitions were
rouped according to seven life-history components: clonal repro-
uction, fecundity, survival of clonal offspring, survival of seedlings,
tasis, retrogression and entering ﬂowering stage. Retrogression is
he transition from ﬂowering to non-ﬂowering stage, and enter-
ng ﬂowering stage is the transition from non-ﬂowering rosette
o ﬂowering stage. Since the species has no persistent seedbank
Thompson et al., 1997), no seed stage was modelled. In total, 16
rojection matrices were constructed; one per population per year
nterval in addition to an overall mean matrix. For each transition
atrix the projected population growth rate () was  estimated as
he dominant eigenvalue of the matrix, in addition to the elasticity
proportional sensitivity) of the eigenvalues to changes in the vitalCR33 CR34 CR35
SC43 S44 R45
SC53 EF54 S55
rates. The elasticity is an estimate of the relative contribution of
a life-cycle transition to the projected population growth rate (;
Caswell, 2001).
Sexual fecundity was calculated as the estimated mean num-
ber of inﬂorescences per ramet multiplied by estimated number of
seedlings in the population divided by inﬂorescences in the popula-
tion (Brys et al., 2004). It was  not possible to determine from which
parent a ramet (=clonal offspring) had emerged without excavating
underground rhizomes. Therefore clonal reproduction was  esti-
mated from the numbers of clonal offspring and ﬂowering clonal
offspring in year t + 1 divided by the number of potential clonal
offspring producers in year t (Berg, 2002). We  assumed that all life-
history stages except seedlings produced clonal offspring and that
the transitions representing clonal reproduction were similar for all
stages. When the study started it was  not possible to know which
ramets were new clonal offspring that year, and hence survival of
non-ﬂowering clones and ﬂowering clones could not be estimated.
The ﬁrst annual transition (2008–2009) for non-ﬂowering clones
and ﬂowering clones was  therefore estimated using the next annual
transition (2009–2010).An analysis of a life Table response experiment (LTRE) was  used
to estimate the relative importance of grazing level, year and pop-
ulations on the variation in  (Caswell, 2001); a nested factorial
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esign was used (Elderd and Doak, 2006; Endels et al., 2007a) and
 LTRE linear model including grazing level (i), yearly transition (j),
nd populations nested within i (l(i)):
(ij) = (..) + ˛(i) + ˇ(j) + ˛ˇ(ij) + l(i),
here (.) is the projected population growth rate of the mean ref-
rence matrix, (i) and (j) are the main effects,  = grazing intensity
ffect and  = year effects at the ith level of grazing and the jth level
f yearly transition, (ij) is the interaction effect and l(i) corre-
pond to the nested effects of population l within grazing level i.
stimates of the treatments effects and decomposition into con-
ributions from each matrix element were done as described in
aswell (2001) and Elderd and Doak (2006). To investigate the
mportance of the different life-history components to differences
n population growth rate, we separately summed all positive and
egative contributions from the matrix elements within a life-
istory component. To estimate 95% conﬁdence intervals for the
rowth rates and LTRE effects we used a bootstrapping procedure
ith 3000 resamplings (Caswell, 2001). The effect of management
nd temporal variation on the growth rates estimated from the
atrix model, and the variation in growth rates among populations
ere also analysed using GLMM and the same backward elimina-
ion procedures as described above.
All statistical analyses were performed in R (R Core Team, 2013).
he linear models were implemented using the lmer function in the
me4 package (Bates et al., 2015). The matrix modelling procedures
nd LTRE linear model were conducted using the package popbio
Stubben and Milligan, 2007).
. Results
The numbers of inﬂorescences per ramet and proportion of
owering ramets in K. arvensis populations were highest in aban-
oned grasslands (mean ± SE inﬂorescences: 2.88 ± 0.082, p < 0.05;
ean ± SE ﬂowering ramets: 0.36 ± 0.008, p < 0.05) and lowest in
rasslands with high grazing intensity (mean ± SE inﬂorescences:
.45 ± 0.030, p < 0.05; mean ± SE ﬂowering ramets: 0.11 ± 0.005,
 < 0.05). The proportion of seedlings was greater in populations
nder high grazing intensity (mean ± SE seedlings: 0.11 ± 0.005,
 < 0.05), except in 2009. Grazing intensity did not inﬂuence
amet survival but survival was lower in 2009 (mean ± SE sur-
ival: 0.78 ± 0.011, p < 0.05) than in 2008 (mean ± SE survival:
.84 ± 0.009, p < 0.05). The effect of grazing intensity on the pro-
ortion of clonal reproduction (ﬂowering and non-ﬂowering clonal
osettes) and grazed ramets varied greatly between years and there
ere no overall trends but signiﬁcant interaction effects between
ear and grazing intensity (interaction effects: p < 0.05; Table 2;
ig. 1).
The projected population growth rate () ranged from 0.83 to
.13 indicating that populations both increased and decreased in
ize. Elasticity analysis of the overall mean transition matrix indi-
ated that the survival of non-ﬂowering rosettes was the life-cycle
ransition that had the largest impact (elasticity = 0.235) on the pro-
ected population growth rate (Fig. 3). The population growth rate
aried signiﬁcantly among years (2 = 5.35, p = 0.02) with the high-
st growth rates in 2008–2009. The  did not vary with grazing level
2 = 4.28, p = 0.12; Fig. 2). The growth rates varied among popula-
ions under no (2 = 19.74, p < 0.01) and high (2 = 4.87, p = 0.02)
razing intensity, but not among populations in grasslands under
ow grazing intensity (2 = 0.76, p = 0.39). Population 1 (no grazing
ntensity) had the highest growth rate (2.13). K. arvensis did not
stablish in the control plots where the species was absent in 2008.
The LTRE analysis revealed that the main effect of graz-
ng intensity (mean ± SD effect: |0.201 ± 0.103|) contributed
ore to variation in population growth rate than both yearFig. 4. Overall grazing intensity effect (no, low, high) to variation in the population
growth rate () from a life Table response experiments (LTRE) variance decomposi-
tion  analysis. The error bars are bootstrapped 95% conﬁdence intervals.
(mean ± SD effect: |0.003 ± 0.001|) and interaction (mean ± SD
effect: |0.020 ± 0.0280|) between year and grazing intensity on .
No grazing had a net positive effect on  while both low and high
grazing intensity had a negative effect (Fig. 4). In abandoned plots
(no grazing), sexual reproduction (F; fecundity) was low causing
a negative effect on the growth rate (Fig. 5). However, this nega-
tive effect was  counterbalanced by a much larger positive effect of
clonal reproduction (CR) which in sum caused the positive effect
on population growth rates. In grazed plots (both low and high
grazing intensity), the negative effect was  caused by low clonal
reproduction (CR). Plots under low grazing intensity also showed
low sexual reproduction (F). Plots under high grazing intensity on
the other hand, showed high sexual reproduction (F), but this was
counterbalanced by an even lower clonal reproduction (CR). Among
populations under no grazing intensity, the net effect on  varied
greatly while the net effect varied less among the grazed popula-
tions (Fig. S1 in the online version at DOI: 10.1016/j.ﬂora.2016.04.
007). The positive contribution of clonal reproduction to  was  par-
ticularly clear in one of the populations under no grazing intensity
(Fig. S2 in the online version at DOI: 10.1016/j.ﬂora.2016.04.007).
4. Discussion
In our study area Knautia arvensis ramets were grazed by
cattle. Grazing reduced the number of inﬂorescences per ramet
and the proportion of ﬂowering ramets within the population.
This could be due to the cattle’s preference for K. arvensis. It is
known that K. arvensis improves N efﬁciency for ruminants in vitro
(Hoffmann et al., 2008), suggesting that it might be a preferred plant
among cattle. Grazing also affected seedling establishment within
populations, which was  lowest in populations within abandoned
grasslands. This is not surprising as the absence of small-scale dis-
turbances (e.g. trampling) causes few gaps only in which seedlings
can establish (Eriksson and Ehrlen, 1992). Low seedling establish-
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Table 2
Estimated ﬁxed effects statistics for linear mixed models with responses: survival to the next year (t + 1) (survivals), proportion of seedlings (seedlings), proportion of
ﬂowering ramets (ﬂowering ramets, number of inﬂorescences per ﬂowering ramet (inﬂorescences), proportion of clonal reproduction (clonal reproduction), and proportion
of  grazed ramets (grazed ramets). The explanatory variables studied were: year (2008, 2009, 2010), grazing intensity (no, low, high) and interactions between years and
grazing  intensities. Models were ﬁtted with backward selection and bold test statistics indicate p < 0.05.
Survivalsa Seedlings Flowering ramets Inﬂorescences Clonal reproductionb Grazed rametsc
Explanatory variable Estimate z Estimate z Estimate z Estimate z Estimate z Estimate z
Intercept 1.819 8.303 −6.387 −5.559 −0.605 −1.480 −0.129 0.142 1.396 −6.588 0.262 0.419
Year  2009 −0.718 −4.956 1.685 1.395 −0.453 −2.730 0.064 1.502 −1.087 −5.896
Year  2010 1.768 1.488 −0.043 −0.265 −0.078 −1.815 0.761 4.146 −0.932 −5.221
Grazing low −12.769 −0.013 0.507 0.710 −0.618 −4.632 0.358 0.923 −1.461 −1.420
Grazing high 4.376 3.648 −2.693 −4.036 −0.864 −3.497 −0.127 −0.398
Year  2009: Grazing low 11.742 0.012 −1.090 −3.608 0.215 3.444 2.344 5.672
Year  2009: Grazing high −4.457 −3.415 0.293 0.874 0.167 1.096
Year  2010: Grazing low 12.377 −1.919 −1.073 −3.679 0.270 4.420 −0.754 −2.183 1.184 3.061
Year  2010: Grazing high −2.365 −1.919 0.338 1.080 −0.355 −1.937 −1.204 −4.357
a Year 2010 not included in the model.
b Year 2008 not included in the model.
c No grazing not included in the model.
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Nig. 5. Grazing intensity effect (no, low, high) to variation in the population growth
ransitions in the matrix are grouped according to life-history components: seedli
etrogression (R), clonal reproduction (CR) and fecundity (F). Retrogression is deﬁn
ent in abandoned grasslands has been reported in several studies
Hamre et al., 2010; Poschlod et al., 2011).
The effect of management was much larger than the year effects
n the projected population growth rate. However, the clonal tran-
ition rates in 2008–2009 were estimated from t + 1, and hence
here was no variation in these transitions between years. Both the
ariation in clonal transitions between years and the year effect in
he LTRE analysis are therefore likely to be underestimated.
Even though grazing reduced the proportion of ﬂowering ram-
ts and number of inﬂorescences per ramet and increased seedling
stablishment, this did not affect population growth rates signif-
cantly. A lack of effect of management on the growth rate can
ndicate that K. arvensis is not dependent on managed semi-natural
rasslands to persist. However, a habitat modelling study shows
hat even though K. arvensis occurs in several vegetation types in
orway, semi-natural grasslands are by far its most common habi-) from a life Table response experiments (LTRE) variance decomposition analysis.
vival (SS), survival of clonal offspring (SC), stasis (S), entering ﬂowering stage (EF),
he transition from ﬂowering to non-ﬂowering stage.
tat (Hovstad and Grenne, 2012). The large impact on the overall
growth rates by survival of non-ﬂowering rosettes indicates that
the longevity of ramets is important for population survival. Herba-
ceous plants with long life-spans are known to have more stable
populations because for such species survival is less variable than
fecundity (Garcia et al., 2008). Populations of long-lived organisms
may  be able to buffer negative effects on vital rates even in small
population sizes (Kolb et al., 2010). Longevity can therefore buffer
temporal ﬂuctuations in the population size.
In the grazed grasslands in our study area, sexual reproduction
contributed the most to the growth rate whereas in abandoned
grasslands clonal reproduction contributed the most. Fecundity
and clonal growth are known to be negatively correlated for clonal
plant species (Silvertown et al., 1993). The proportion of seedlings
was largest in populations under high grazing intensity, even
though the proportion of ﬂowering ramets was least. This means
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hat the few ﬂowering ramets in the populations under high graz-
ng intensity contribute signiﬁcantly to the population growth rate;
exual reproduction contributes more to population growth rate
n grazed grasslands compared to abandoned grasslands. Grime
2001) states that responses to disturbance often involve adap-
ive shifts in regenerative traits. Knautia arvensis is a species with
ultiple reproduction strategies, which is an advantage in variable
nvironments (Grime, 2001). Several remnant populations resist
xtinction because parts of their life cycle (Eriksson, 1996) and
ife history stages other than ﬂowering ramets maintain the pop-
lation. Populations in abandoned semi-natural grasslands can be
emnant populations that survive for decades and have high growth
ates due to high survival and clonal reproduction (Endels et al.,
007b; Hamre et al., 2010; Johansson et al., 2011). The results in
his study show that K. arvensis is able to persist even if its habi-
at changes, but the results also indicate that the species can form
emnant populations with very low rates of sexual regeneration if
emi-natural grasslands are left without management.
The three grasslands without present domestic grazers were
ll former hay meadows in which hay harvesting ended in the
id-1980s. The two grasslands with the lowest population growth
ates were occasionally grazed, and then under very low stocking
ates, by horses and sheep until about year 2000. The third grass-
and with the exceptionally high population growth rates was  not
razed at all by domestic animals after abandonment. These dif-
erences in management history may  explain the large differences
n clonal reproduction among the grasslands without grazing in
his study. Lindborg and Ehrlén (2002) studied the perennial herb
rimula farinosa and found that after abandonment of grazing by
omestic animals the populations experienced a period of posi-
ive growth rate. However, by comparing historical and present
istributions they concluded that most populations in habitats
here grazing had ceased, had gone extinct. The exceptionally high
rowth rate of K. arvensis in one of the populations in abandoned
rasslands is likely to last only a short time. The increased popu-
ation growth might therefore be followed by a ﬁnal population
ecrease as for P. farinosa (Lindborg and Ehrlen, 2002). To pre-
erve viable populations of plant species inhabiting species-rich
rasslands, such as K. arvensis, the effects of different manage-
ent regimes must be monitored and evaluated in order to guide
anagement decisions. It is essential to understand the reproduc-
ion and survival process in order to estimate if there are delayed
esponses in population size.
. Conclusions
Knautia arvensis populations tolerate both grazing and
hort-term abandonment in semi-natural grassland and there were
o differences in growth rates between populations in grazed and
bandoned grasslands. A long life-span and survival of the species
an, however, buffer changing environmental conditions. In pop-
lations in grazed grasslands, fertility contributed more to the
rowth rate than in abandoned grasslands where clonal regenera-
ion contributed the most, which indicates a trade-off between the
ife-history components.
cknowledgements
This study is part of the project “Sau i drift” funded by the Norwe-
ian Research Council (project no. 208036/010). The study has also
eceived funding from the European Community’s Seventh Frame-
ork Programme (FP7/2007-2013) under the grant agreement n◦
P7-244983 (MULTISWARD). The authors thank the landowners for
ranting them access to the ﬁeld sites, Synnøve Nordal Grenne, Liv23 (2016) 11–18 17
Nilsen, Line Rosef, and Vibecke Melhuus for ﬁeld assistance and an
anonymous reviewer for valuable comments.
References
Bates, D., Maechler, M.,  Bolker, B., Walker, S., 2015. Fitting linear mixed-effects
models using lme4. J. Stat. Softw. 67 (1), 1–48.
Berg, H., 2002. Population dynamics in Oxalis acetosella: the signiﬁcance of sexual
reproduction in a clonal, cleistogamous forest herb. Ecography 25, 233–243.
Brys, R., Jacquemyn, H., Endels, P., De Blust, G., Hermy, M.,  2004. The effects of
grassland management on plant performance and demography in the
perennial herb Primula veris. J. Appl. Ecol. 41, 1080–1091.
Cahenzli, F., Erhardt, A., 2012. Nectar sugars enhance ﬁtness in male Coenonympha
pamphilus butterﬂies by increasing longevity or realized reproduction. Oikos
121, 1417–1423.
Caswell, H., 2001. Matrix Population Models: Construction, Analysis and
Interpretation, 2nd ed. Sinauer Associates Inc., USA.
Clausen, H.D., Holbeck, H.B., Reddersen, J., 2001. Factors inﬂuencing abundance of
butterﬂies and burnet moths in the uncultivated habitats of an organic farm in
Denmark. Biol. Conserv. 98, 167–178.
R Core Team, 2013. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna Austria.
Crawley, M.J., 2007. The R Book. John Wiley and Sons Ltd., United Kingdom.
Ehrlen, J., Syrjanen, K., Leimu, R., Garcia, M.B., Lehtila, K., 2005. Land use and
population growth of Primula veris: an experimental demographic approach. J.
Appl. Ecol. 42, 317–326.
Elderd, B.D., Doak, D.F., 2006. Comparing the direct and community-mediated
effects of disturbance on plant population dynamics: ﬂooding, herbivory and
Mimulus guttatus. J. Ecol. 94, 656–669.
Endels, P., Jacquemyn, H., Brys, R., Hermy, M.,  2007a. Genetic erosion explains
deviation from demographic response to disturbance and year variation in
relic populations of the perennial Primula vulgaris. J. Ecol. 95, 960–972.
Endels, P., Jacquemyn, H., Brys, R., Hermy, M.,  2007b. Reinstatement of traditional
mowing regimes counteracts population senescence in the rare perennial
Primula vulgaris. Appl. Veg. Sci. 10, 351–360.
Eriksson, O., Ehrlen, J., 1992. Seed and microsite limitation of recruitment in plant
populations. Oecologia 91, 360–364.
Eriksson, O., 1996. Regional dynamics of plants: a review of evidence for remnant,
source-sink and metapopulations. Oikos 77, 248–258.
Franzen, M.,  Nilsson, S.G., 2008. How can we  preserve and restore species richness
of  pollinating insects on agricultural land? Ecography 31, 698–708.
Garcia, M.B., Pico, F.X., Ehrlen, J., 2008. Life span correlates with population
dynamics in perennial herbaceous plants. Am.  J. Bot. 95, 258–262.
Geological Survey of Norway NGU, 2014. Datasets (accessed 01.10.14) https://ngu.
no/en/topic/datasets.
Grime, J.P., 2001. Plant strategies. In: Processes and Ecosystem Properties. Wiley,
Chichester.
Hamre, L.N., Rydgren, K., Halvorsen, R., 2010. The effects of mulching and
abandonment on the viability of the perennial grassland species Plantago
lanceolata.  Plant Ecol. 211, 147–158.
Hodgson, J.G., Grime, J.P., Wilson, P.J., Thompson, K., Band, S.R., 2005. The impacts
of  agricultural change (1963–2003) on the grassland ﬂora of Central England:
processes and prospects. Basic Appl. Ecol. 6, 107–118.
Hoffmann, E.M., Seje-Assmann, N., Becker, K., 2008. Dose studies on
anti-proteolytic effects of a methanol extract from Knautia arvensis on in vitro
ruminal fermentation. Anim. Feed Sci. Technol 145, 285–301.
Hovstad, K.A., Grenne, S.N., 2012. Habitat modelling with high resolution in an
agricultural landscape. In: European Grassland Federation 24th General
Meeting, Lublin, Poland 3–7 June. Grassland Science in Europe 17, pp. 682–684.
Hovstad, K.A., 2007. Seed dispersal and seedling establishment in semi-natural
grassland. In: PhD Thesis. Norwegian University of Life Sciences, Ås.
Jacquemyn, H., Brys, R., 2008. Effects of stand age on the demography of a
temperate forest herb in post-agricultural forests. Ecology 89, 3480–3489.
Johansson, V.A., Cousins, S.A.O., Eriksson, O., 2011. Remnant populations and plant
functional traits in abandoned semi-natural grasslands. Folia Geobot. 46,
165–179.
Kålås, J., Viken, Å., Henriksen, S., Skjelseth, S., 2010. The 2010 Norwegian Red List
for Species. Norwegian Biodiversity Information Centre, Norway.
Knight, T.M., 2004. The effect of herbivory and pollen limitation on a declining
population of Trillium grandiﬂorum. Ecol. Appl. 14, 915–928.
Kolb, A., Dahlgren, J.P., Ehrlen, J., 2010. Population size affects vital rates but not
population growth rate of a perennial plant. Ecology 91, 3210–3217.
Larsson, M., 2005. Higher pollinator effectiveness by specialist than generalist
ﬂower-visitors of unspecialized Knautia arvensis (Dipsacaceae). Oecologia 146,
394–403.
Lennartsson, T., Oostermeijer, J.G.B., 2001. Demographic variation and population
viability in Gentianella campestris: effects of grassland management and
environmental stochasticity. J. Ecol. 89, 451–463.
Lid, J., Lid, D., 2005. Norsk Flora. Det norske samlaget.
Lindborg, R., Ehrlen, J., 2002. Evaluating the extinction risk of a perennial herb:
demographic data versus historical records. Conserv. Biol. 16, 683–690.
Louault, F., Pillar, V.D., Aufrere, J., Garnier, E., Soussana, J.F., 2005. Plant traits and
functional types in response to reduced disturbance in a semi-natural
grassland. J. Veg. Sci. 16, 151–160.
1  Flora 
M
M
M
M
M
N
N
P
P
P
Phytodiversity of temperate permanent grasslands: ecosystem services for
agriculture and livestock management for diversity conservation. Biodiv.
Conserv. 20, 3317–3339.8 L. Johansen et al. /
arini, L., Fontana, P., Scotton, M.,  Klimek, S., 2008. Vascular plant and Orthoptera
diversity in relation to grassland management and landscape composition in
the European Alps. J. Appl. Ecol. 45, 361–370.
aron, J.L., Crone, E., 2006. Herbivory: effects on plant abundance, distribution and
population growth. Proc. R. Soc. B: Biol. Sci. 273, 2575–2584.
etera, E., Sakowski, T., Sloniewski, K., Romanowicz, B., 2010. Grazing as a tool to
maintain biodiversity of grassland -a review. Anim. Sci. Pap. Rep. 28, 315–334.
oen, A., 1999. National Atlas of Norway: Vegetation. Norwegian Mapping
Authority, Norway.
orris, W.F., Pﬁster, C.A., Tuljapurkar, S., Haridas, C.V., Boggs, C.L., Boyce, M.S.,
Bruna, E.M., Church, D.R., Coulson, T., Doak, D.F., Forsyth, S., Gaillard, J.-M.,
Horvitz, C.C., Kalisz, S., Kendall, B.E., Knight, T.M., Lee, C.T., Menges, E.S., 2008.
Longevity can buffer plant and animal populations against changing climatic
variability. Ecology 89, 19–25.
orderhaug, A., Ihse, M.,  Pedersen, O., 2000. Biotope patterns and abundance of
meadow plant species in a Norwegian rural landscape. Landsc. Ecol. 15,
201–218.
orwegian Meteorological Institute, 2014. eKlima (accessed 01.10.14) http://
www.eklima.met.no.
oschlod, P., WallisDeVries, M.F., 2002. The historical and socioeconomic
perspective of calcareous grasslands -lessons from the distant and recent past.
Biol. Conserv. 104, 361–376.
oschlod, P., Hoffmann, J., Bernhardt-Roemermann, M.,  2011. Effect of grassland
management on the age and reproduction structure of Helianthemum
nummularium and Lotus corniculatus populations. Preslia 83, 421–435.
ykala, J., Luoto, M.,  Heikkinen, R.K., Kontula, T., 2005. Plant species richness and
persistence of rare plants in abandoned semi-natural grasslands in northern
Europe. Basic Appl. Ecol. 6, 25–33.223 (2016) 11–18
Silvertown, J., Franco, M.,  Pisanty, I., Mendoza, A., 1993. Comparative plant
demography -relative importance of life-cycle components to the ﬁnite rate of
increase in woody and herbaceous perennials. J. Ecol. 81, 465–476.
Stubben, C.J., Milligan, B.G., 2007. Estimating and analyzing demographic models
using the popbio package in R. J. Stat. Softw. 22 (11), 1–23.
Thompson, K., Bakker, J.P., Bekker, R.M., 1997. The soil seed banks of north west
europe: methodology. In: Density and Longevity. University Press Cambridge,
Cambridge.
Totland, Ø., Hovstad, K.A., Ødegaard, F., Åström, J., 2013. State of Knowledge
Regarding Insect Pollination in Norway—The Importance of the Complex
Interaction Between Plants and Insects. Norwegian Biodiversity Information
Centre, Trondheim, Norway.
Tutin, T.G., Heywood, V.H., Burges, N.A., Moore, D.M., Valentine, D.H., Walters, S.M.,
Webb, D.A., 1976. Flora Europaea. University Press U.K, Cambridge.
Vandvik, V., Vange, V., 2003. Germination ecology of the clonal herb Knautia
arvensis:  Regeneration strategy and geographic variation. J. Veg. Sci. 14,
591–600.
Wehn, S., 2009. A map-based method for exploring responses to different levels of
grazing pressure at the landscape scale. Agric. Ecosyst. Environ. 129, 177–181.
Wrage, N., Strodthoff, J., Cuchillo, H.M., Isselstein, J., Kayser, M.,  2011.Zuur, A.F., 2009. Mixed Effects Models and Extensions in Ecology with R. Springer,
New York.
